Oxidative stress plays a key role in the pathogenesis of aging and many metabolic diseases; therefore, an effective antioxidant therapy would be of great importance in these circumstances. Nutritional, environmental, and chemical factors can induce the overproduction of the superoxide anion radical in both the cytosol and mitochondria. This is the first and key event that leads to the activation of pathways involved in the development of several metabolic diseases that are related to oxidative stress. As oxidation of essential molecules continues, it turns to nitrooxidative stress because of the involvement of nitric oxide in pathogenic processes. Once peroxynitrite forms, it damages via two distinctive mechanisms. First, it has direct toxic effects leading to lipid peroxidation, protein oxidation, and DNA damage. This mechanism involves the induction of several transcription factors leading to cytokine-induced chronic inflammation. Classic antioxidants, including vitamins A, C, and E, have often failed to exhibit beneficial effects in metabolic diseases and aging. Melatonin is a multifunctional indolamine that counteracts virtually all pathophysiologic steps and displays significant beneficial actions against peroxynitrite-induced cellular toxicity. This protection is related to melatonin′s antioxidative and antiinflammatory properties. Melatonin has the capability of scavenging both oxygen-and nitrogenbased reactants, including those formed from peroxynitrite, and blocking transcriptional factors, which induce proinflammatory cytokines. Accumulating evidence suggests that this nontoxic indolamine may be useful either as a sole treatment or in conjunction with other treatments for inhibiting the biohazardous actions of nitrooxidative stress.
INTRODUCTION
The free-radical theory of aging has gained acceptance and matured in the 50 years since it was proposed by Harman in 1956 (1, 2) . In addition to free radicals, other cellular reactive byproducts of normal metabolism can lead to biomolecule damage. This had led to the formation of the "oxidative damage theory," which suggests reactive oxygen species (ROS) are responsible for the accumulation of age-related cellular debris, and that this damage is an important contributor to aging and/or chronic diseases (3) . In contrast to a century ago, when infectious diseases were a major cause of mortality, today noninfectious chronic diseases are the most likely causes of death. Disease epidemics (for example, cardiovascular diseases, type 2 diabetes, obesity, and metabolic syndrome) have become major contributors to the burden of disease and are presently emerging, or accelerating, in most developing countries (4) . The baby-boomer generation is advancing in age, and the geriatric population in the developed countries will increase tremendously in the next few decades (5) . More than 50% of the American public is aware of antiaging therapies, and most people currently use some form of these therapies (6) . In excess of 70% of the American population uses dietary supplements daily, most commonly antioxidant vitamin and mineral supplements (7) . Likewise, while the use of alternative therapies is on the rise, progress is being made in understanding aging, and the public has more access to this information (through media and the internet) than ever before.
In theory, antiaging interventions should modify the biochemical and molecular events causing aging and chronic diseases, correct physiological changes responsible for symptoms and signs of aging, and decrease the susceptibility to disease associated with aging. Vitamin A and its precursor β-carotene, vitamin C, and vitamin E are the most frequently used antioxidant vitamins. The idea that the pathophysiologic processes caused exclusively by oxygen-derived free radicals could presumably be alleviated by conventional antioxidants, such as vita-mins E or C, and/or intracellular enzymatic antioxidants seems worthy of investigation. Several studies, however, have found that antioxidants offered little protection against aging or chronic diseases.
Investigators in the Physicians' Health Study evaluated data from 83,639 U.S. male physicians, of whom 29% were taking vitamin E, vitamin C, or multivitamin supplements on a self-selected basis (8) . The the study report concluded that these supplements were not associated with a significant reduction in total cardiovascular diseases or coronary heart disease mortality. Another prospective study revealed that vitamins E and C and certain carotenoids did not reduce the risk of stroke in 43,738 men 40 to 75 years old who had no cardiovascular disease or diabetes (9) . The Heart Outcome Prevention Evaluation trial (10), a randomized controlled trial of patients 55 years old or older who had cardiovascular disease or diabetes, demonstrated that taking 400 IU vitamin E daily for an average of 4.5 years had no influence on cardiovascular outcomes or nephropathy. A randomized, double-blind, placebocontrolled trial of vitamin E revealed, interestingly, that vitamin E supplementation resulted in increased blood pressure in type 2 diabetic patients (11) . The authors of this study concluded that the mechanism for this increase remains unknown but appears to be independent of changes in oxidative stress. A metaanalysis of a large body of published data revealed that antioxidant vitamins do not significantly reduce risk of cardiovascular death (12) . Moreover, an additional metaanalysis of 11 trials revealed that high doses of vitamin E resulted in slightly but significantly higher rates of all-cause mortality compared with placebo (13) . A recent systematic review and metaanalysis that included 68 randomized trials with 232,606 participants (385 publications) also showed that antioxidant vitamins may increase all-cause mortality (14) ( Table 1 ). Oxidative stress is often an early and key event that activates numerous pathways involved in aging and development of chronic diseases. On the basis of published literature, a novel molecular approach to resolve the apparent controversy and to protect cells from oxidative stress is warranted (15) .
NITROOXIDATIVE STRESS: A POSSIBLE EXPLANATION OF THE CONTROVERSY
A theoretical explanation for why antioxidant vitamins do not protect as expected against disease relates to the fact that oxidative stress is more complex than previously realized. This complexity was revealed by the discovery of nitric oxide (NO) and the nitric oxide synthase (NOS) family. A vital, ubiquitous molecule, NO has numerous roles in regulating physiological processes. Because of affinity of NO for the superoxide anion radical (O 2
•− ), neither enzymatic nor pharmacologic levels of conventional antioxidants successively compete with NO for O 2 •− and thus antioxidants do not prevent the occurrence of high peroxynitrite (ONOO -) levels (16) . These findings, particularly the discovery of the involvement of ONOO -as a causative reactant, have expanded the oxidative stress theory into new areas (17) . It is presumed that initially ROS production reduced the endothelial NOS (eNOS)-derived NO within endothelial cells while activating inducible NOS (iNOS), which causes almost 1000-fold higher NO production than does eNOS under physiologic circumstances. iNOS is predominantly expressed in inflammatory cells such as macrophages, although epithelial cells from affected tissues also express the enzyme. Intensified expression of iNOS has been detected in virtually all cell types tested, including macrophages, fibroblasts, chondrocytes, osteoclasts, and epithelial cells, and results in the production of much NO in animals and patients with inflammatory diseases (18) (19) (20) (21) . The level of iNOS expression is well correlated with the degree of inflammation. A controversy arises from observations reporting both cytotoxic and cytoprotective effects of NO. In cases in which NO was found to be cytotoxic, it was questioned whether NO exerted these effects directly or indirectly, or through the formation of more reactive species such as the ONOO -.
Thus, it is believed that oxygen-based free radicals are only an initial step in the pathophysiologic mechanisms of aging and chronic diseases (22) . The combination of elevated NO plus excess O 2 •− with the formation of high levels of ONOO -is the proverbial intracellular "devil's triangle" (Figure 1 ).
CHANGING THE NATURE OF OXIDATIVE STRESS: THE "DEVIL'S TRIANGLE"
In the last two decades, NO produced in excess was found to be a toxic mole- direct toxic effects leading to lipid peroxidation, protein oxidation, and DNA damage. The second mechanism involves the induction of several transcription factors, including nuclear factorkappa B (NF-κB) and activator protein-1 (AP-1), leading to cytokine-induced chronic inflammation (Figure 2 ). This cascade, once activated, causes the release of proinflammatory cytokines, including tumor necrosis factor α (TNF-α) and interleukin 1β, which induce widespread inflammation. During this process, several adhesion molecules and monocyte chemoattractant proteins also become involved, widening the inflammatory response and vascular events (17, 24 , an essential cofactor in principal energy production mechanisms including the glycolytic pathway, the tricarboxylic acid cycle, and the mitochondrial electron transport chain (ETC). As a result, the loss of NAD + leads to a marked reduction in the cellular pools of ATP, resulting in cellular dysfunction and death via the necrotic pathway (28, 39) . This scenario is known as the "suicide hypothesis" of PARP activation and seems to be a regulatory mechanism to eliminate cells after irreversible DNA injury. A vast amount of experimental evidence has established that the PARP-1 pathway of cell death plays a pivotal role in tissue injury and organ dysfunction in numerous disease processes (41, 45, 46) . Based on the proposed mechanisms, several steps may be selected as potential pharmacological targets to block the hazards of free radicals: reduce excess ROS production; prevent intracellular enzymatic antioxidant depletion; stimulate intracellular enzymatic antioxidants; inhibit iNOS overactivation; increase eNOS-produced NO bioavailability; detoxify nitrogen-based species; inhibit (normalize) NF-κB and AP-1 activation and/or lower NF-κB binding to DNA; reduce proinflammatory cytokines such as TNF-α; limit adhesion molecule production; prevent lipid peroxidation and/or repair damaged lipids; limit protein oxidation and nitration; block PARP-1 activation, thereby preserving NAD + and cellular energy; and reduce DNA damage and/or promote its repair. Identification of these pharmacological targets suggests the need for a multifunctional agent with antioxidant, iNOS- normalizing of blood glucose level, cessation of smoking), this mechanism continues to create damage within cells (for example, endothelial dysfunction). Moreover, ONOO -directly damages all macromolecules including lipids, proteins, and DNA. It is well known that both oxygen and nitrogen-based reactants directly damage mitochondria. The majority of NAD + consumed by PARP also slows the rate of glycolysis and mitochondrial respiration, and eventually leads to cellular dysfunction. Antioxidant vitamins have no effect on ONOO --induced subsequent cellular damage. Melatonin, however, is a unique molecule which possesses beneficial effects in virtually all steps of the pathophysiologic process. Melatonin blocks proinflammatory cytokine production by reducing NF-κB and AP-1 translocation into the nucleus and directly inhibits iNOS and inflammatory enzyme COX-2. These features break the vicious circle and alleviate the inflammation. Melatonin preserves cellular energy by several means and has been shown to prevent all types of nitrooxidative damage at the mitochondrial level.
M E L A T O N I N F O R C L I N I C A L T R I A L S
inhibitory, and ONOO --scavenging properties. An endogenously produced indolamine, melatonin, is the one molecule that has these characteristics. This indolamine has a variety of means by which it influences the physiology of organisms; some of these actions are receptor-mediated whereas others are receptor-independent (47, 48) .
MELATONIN: A VERSATILE ANTIOXIDANT
A very large body of evidence indicates that melatonin is a major scavenger of both oxygen-and nitrogen-based reactive molecules (49) (50) (51) (52) (53) , including ONOO - (54) (55) (56) . Melatonin has scavenging actions at both physiologic and pharmacologic concentrations. Not only melatonin but also several of its metabolites can detoxify free radicals and their derivatives (57) (58) (59) . Studies also reveal that melatonin eliminates the decomposition products of ONOO in the presence of physiological carbon dioxide concentrations (60) (61) (62) . Melatonin also supports several intracellular enzymatic antioxidant enzymes, including SOD and glutathione peroxidase (GSH-Px) (63, 64) . Moreover, melatonin induces the activity of γ-glutamylcysteine synthetase, thereby stimulating the production of another intracellular antioxidant, glutathione (GSH) (65) . A number of studies have shown that melatonin is significantly better than the classic antioxidants in resisting free-radical-based molecular destruction. In these in vivo studies, melatonin was more effective than vitamin E (66-68), β-carotene (69), and vitamin C (69-71), and superior to garlic oil (72) . Beneficial antioxidant effects of melatonin have been recently shown in clinical settings for several chronic diseases, including patients with rheumatoid arthritis (73) , elderly patients with primary essential hypertension (74) , and females with infertility (75) . Several antioxidants reportedly preserve the activities of SOD and/or GSH-Px. These effects are indirect, however, owing to their ability to scavenge free radicals and protect the protein from damage. Melatonin, on the other hand, possesses genomic actions and regulates the expression of several genes, including those for SOD and GSH-Px. Melatonin influences both antioxidant enzyme activity and cellular mRNA levels for these enzymes under physiological conditions and during elevated oxidative stress (63) , possibly through epigenetic mechanisms (76) (77) (78) . The occurrence of these two features in a single molecule is unique for an antioxidant, and both actions protect against pathologicallygenerated free radicals.
Of particular interest is the possible role of melatonin as a bioenergetic agent that can improve and maintain mitochondrial function. The majority of molecular oxygen (O 2 ) inhaled and eventually taken up by cells is processed in the mitochondrial ETC, where it is converted to water after its four-electron reduction. During this reductive process, however, partially reduced species of O 2 produce ROS and RNS. A specific isoform of NOS, mitochondrial NOS, is a constitutively expressed enzyme proposed to exist in mitochondria, where it produces NO within mitochondria. NO is a physiological regulator of respiration and also the rate of ATP synthesis. Elevation of NO levels higher than the physiological concentrations may inhibit complexes I, III, and IV. In this eventuality, mitochondrial electron transfer reactions are compromised and electron leakage is exaggerated, leading to increased formation of O 2
•-and all downstream oxidants (79).
We recently reviewed the mechanisms by which melatonin improves mitochondrial respiration and increases ATP synthesis under physiological and poisonous conditions (80) . Consequently, the antioxidant and free-radical-scavenging capacities of melatonin protect proteins of the ETC and mtDNA from ROS/RNSinduced oxidative damage. This protective effect limits the loss of intramitochondrial GSH, improves ETC activity, and reduces mtDNA damage. Melatonin's actions at the mtDNA level also increase the expression of complex IV and the activity of complex I and complex IV of the ETC (81). (84), liver and lung damage (83) , and alkylating-agent toxicity (55, 56, 92, 93) . Thus, melatonin is the only currently available molecule known to block all aspects of the "devil's triangle."
Melatonin against iNOS and
Melatonin has been shown to ameliorate inflammation by blocking transcriptional factors and TNF-α (94, 95) . A large body of evidence confirms that these cytokines induce formation of free radicals and promote iNOS activity and transcriptional factor activation within cells. These events inevitably induce a vicious cycle of cellular damage. In the case of ONOO --induced DNA damage, PARP overactivates in a genome-repair process and consumes NAD + as a substrate, causing an energy crisis within cells, leading to their eventual necrosis. Preservation of NAD + and cellular energy production may facilitate PARP to repair the DNA damage rather than blocking PARP; melatonin preserves cellular energy production (96) (97) (98) and protects against DNA damage (99) . Under physiologic conditions in resting cells, eNOS-derived NO suppresses both iNOS and cyclooxygenase-2 (COX-2) expression by reducing NF-κB translocation into the nucleus. However, it is well documented that NO derived from iNOS during inflammatory processes further potentiates COX-2 activity through the NF-κB pathway (100), thereby exaggerating the inflammatory process. This effect is not unexpected given that ONOO -directly activates COX-2 as well (101) . In the case of chronic inflammation, inhibition of COX-2 and iNOS (rather than COX-2 only) would be beneficial in reducing the severity of inflammation. A recent, intriguing report (102) suggests that neither tryptophan nor serotonin, but only melatonin, inhibits COX-2 and iNOS transcriptional activation. Another advantage of melatonin over classical antioxidants is its lack of prooxidative actions. All classical antioxidants are potential electron donors and they exhibit both reduced and oxidized forms. Once they donate an electron to neutralize a free radical, they are transformed from a reduced to an oxidized state. Usually, the oxidized form will be regenerated to the reduced state through the mechanism known as redox reaction or recycling. In this pathway, the recycling of vitamin C or vitamin E occurs at the expense of GSH. In many cases, however, GSH is a better antioxidant than either vitamin C or vitamin E (103). Because these antioxidants are electron donors and exhibit redox reactions, their oxidized forms also can oxidize other molecules. Therefore, classical antioxidants are prooxidants. Melatonin sacrifices itself and does not participate in redox cycling after scavenging free radicals. As previously mentioned, melatonin not only does not consume cellular GSH, it also preserves or even increases the content of GSH in tissues. Thus, melatonin is classified as a suicidal or terminal antioxidant (104) .
CONCLUDING REMARKS
Melatonin has been administered in both physiological and pharmacological amounts to humans and animals, and there is widespread agreement that it is a nontoxic molecule (105) . In pregnant rats, the maternal lowest-no-observed-effect level was found to be 200 mg/kg/day, and the developmental no-observedadverse-effect level was ≥200 mg/kg/day (106) . Melatonin is easily synthesized in a pharmacologically pure form and is inexpensive and affordable; thus, because of its versatility in protecting against nitrooxidative stress and reducing inflammation, melatonin could have significant potential to improve public health (107) .
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